When an arterial graft is used, reversible perfusion defects on single-photon emission tomography (SPET) perfusion images are occasionally observed early after coronary artery bypass graft surgery (CABG), owing to the restricted flow capacity. The purpose of this study was to determine whether the functional information obtained with electrocardiography (ECG)-gated perfusion SPET could be helpful in evaluating the effect of revascularization early after CABG. Twenty-three patients (18 men and 5 women, mean age 65±9 years) underwent stress/re-injection thallium-201 ECG-gated SPET before and 4 weeks after CABG (13 with exercise and 10 with dipyridamole). Patency of all grafts was confirmed by coronary angiography 1 month after CABG. Cardiac functional data including the left ventricular ejection fraction (LVEF) and the transient ischaemic dilatation (TID) ratio were analysed using a commercially available automated program. The conventional stress and re-injection tomograms were interpreted by means of a five-point scoring system in a nine-segment model. Stress-induced reversible 201 Tl perfusion defects were present in 64% of the myocardial segments bypassed by patent arterial grafts, in contrast to 42% of the myocardial segments bypassed by patent venous grafts (χ 2 =7.8, P=0.005). Of the 23 patients, 12 showed improvement in summed ischaemic scores (group 1), while 11 had no change or deterioration (group 2), although all grafts were patent on postoperative catheterization. The TID ratio improved in both group 1 and group 2 before and after CABG (1.14±0.13 vs 0.99±0.07, P=0.001 and 1.09±0.07 vs 0.94±0.05, P=0.002, respectively). However, LVEF did not significantly improve in group 1 or group 2 after CABG (42.5%±9.9% vs 47.5%±11.8%, and 52.1%±7.5% vs 53.1%±5.9%, respectively). Perfusion imaging or LVEF assessment is of limited value early after CABG. The TID ratio obtained with ECG-gated perfusion SPET may be a useful marker to evaluate the effect of revascularization early after surgery.
Introduction
It is known that coronary artery bypass grafting (CABG) is effective in improving left ventricular function in patients with severe left ventricular impairment due to myocardial hibernation [1] . However, venous graft deteriorates with time, mainly due to atherosclerosis in the graft [2] . The long-term patency of arterial grafts is superior to that of saphenous venous grafts [3, 4] , but the postoperative flow capacity of grafts, especially arterial grafts, is reported to be restricted early after CABG [5] . This restriction is caused by the small diameter of new arterial grafts [5, 6] . In fact, reversible perfusion defects are occasionally observed early after CABG, especially when an arterial graft is used [7] . Therefore, assessment of graft patency by stress/rest perfusion single-photon emission tomography (SPET) is sometimes difficult. Electrocardiography (ECG)-gated perfusion SPET has become accepted as a routine diagnostic procedure for various clinical applications and is able to calculate the global and regional left ventricular function [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25] .
In this study, we evaluated the changes in functional data obtained with ECG-gating. The purpose of the study was to investigate whether these functional parameters, obtained with ECG-gated perfusion SPET, are helpful in determining the effect of revascularization early after surgery.
Materials and methods
Study patients. Twenty-four subjects underwent stress/re-injection ECG-gated thallium-201 SPET before and 4 weeks after CABG between April 1997 and January 2000. In one patient, graft occlusion was observed with coronary angiography 1 month after CABG. Therefore, 23 patients (18 men and 5 women, mean age 65±9 years) whose grafts were patent were included in this study. Two patients had one-vessel disease, eight had two-vessel disease, and 13 had three-vessel disease. All patients showed normal sinus rhythm without any bundle branch block before and after CABG. Seven patients had a history of old myocardial infarction.
ECG-gated perfusion SPET imaging.
After overnight fasting, 13 patients underwent a symptom-limited treadmill exercise test using a standard Bruce or modified Bruce protocol as described elsewhere [26] . Exercise was terminated upon the appearance of any of the following features: symptoms of angina, dyspnoea or fatigue, drop in blood pressure, appearance of significant arrhythmia and achievement of maximum age-related heart rate. Approximately 110 MBq of 201 Tl was injected at the peak of exercise and the patients were asked to continue exercise for an additional 1 min. Within 10 min of the tracer injection, ECG-gated SPET imaging was performed. In ten patients, who were unable to exercise, dipyridamole stress tests were performed with a 4-min infusion of 0.14 mg kg -1 min -1 dipyridamole [27] . A radiotracer was administered 3 min after dipyridamole infusion. Heart rate, blood pressure and 12-lead ECG were recorded before and during every minute of these protocols. Three to four hours later, an additional 37 MBq of 201 Tl was injected under resting conditions [28, 29, 30] , and 10 min after re-injection, ECG-gated SPET images were acquired again. The same stress tests were performed again 4 weeks after CABG.
The ECG-gated images were obtained with a dual-head gamma camera (VariCam, Elscint, Haifa, Israel) equipped with high-resolution collimators (30 projections over 180°, 60 s per projection, eight frames per cardiac cycle). Two energy windows were utilized, i.e. 30% windows centered on the 70-keV and 167-keV peaks. The total acquisition time was approximately 16 min, including the rotation time of the camera. The ECG-gated SPET images were prefiltered with a Butterworth filter (order 5, cut-off frequency 0.40 cycles/pixel, pixel size=0.72 cm) [22] . The acceptance window for cardiac cycle length was set to its maximum value of 100%. A zoom factor of 1.28 was utilized. Data were reconstructed using a filtered back-projection technique with no attenuation or scatter correction.
Perfusion analysis. Stress and re-injection tomographic images were interpreted for the presence, location, severity and reversibil-ity of defects according to the consensus of two experienced observers. The observers were unaware of the clinical history and the result of coronary angiography.
For a visual interpretation, the myocardium was divided into nine segments for each patient: basal and distal anterior segments, basal and distal septal segments, basal and distal lateral segments, and inferior, posterior and apical segments as previously described (Fig. 1) [7] . Basal and distal anterior segments and septum were assigned to the territory of the left anterior descending coronary artery (LAD). When grafts were bypassed to a branch of the LAD, the anterior segment was assigned to the area covered by the graft. The basal and distal lateral segments were assigned to the territory of the circumflex coronary artery (Cx), while the inferior and posterior segments were assigned to the territory of the right coronary artery (RCA) [7] . Perfusion in each segment was scored using a five-point scoring system (0=normal, 1=mild, 2=moderate, 3=se-vere reduction in radioisotope uptake, and 4=absence of radioisotope uptake) [7] . A score of 1 or more was regarded as abnormal perfusion. A reversible perfusion defect was considered to be present when an improvement in score of 1 point or more was observed on the re-injection image. When a reversible perfusion defect was present in the area covered by a patent bypass graft, the flow capacity of the graft was defined as insufficient. The summed defect score was calculated as the sum of scores on the re-injection images, while the summed ischaemic score was calculated as the sum of the scores with reversible perfusion defect [31] .
Global functional analysis. The ECG-gated SPET was analysed using a commercially available automated algorithm [11] . The end-diastolic volume (EDV), end-systolic volume (ESV) and left ventricular ejection fraction (LVEF) were also calculated using this algorithm [11] . Post-stress and rest functional data were obtained with stress and re-injection 201 Tl ECG-gated SPET, respectively. The transient ischaemic dilatation (TID) ratio, which is a marker of extensive and severe coronary artery disease, was defined as the ratio of post-stress EDV to rest EDV [13] . These functional data were compared before and after CABG.
The above automated algorithm is known to underestimate the ventricular volume when the chamber size is extremely small [13, Fig. 1 . Diagram of the standard segmentation scheme: two shortaxis views from mid to base and one vertical long-axis view make up this model 32]. In our previous investigation, ESV less than 30 ml was not fully validated [22] . Therefore, LVEF was not analysed in four subjects whose ESV was less than 30 ml.
Regional functional analysis. Regional wall thickening (WT) was evaluated by means of visual assessment of a count increase from the end-diastolic to the end-systolic phase, on a two-dimensional sliced cinematic display image [22, 24] . Regional WT was quantified on a five-grade scale (0=normal WT with count increase, 1=reduced WT with count increase, 2=reduced WT with decreased count increase, 3=no WT with decrease count increase, 4=no WT with no count increase) in nine myocardial segments (Fig. 1) . We compared the regional WT in myocardial areas bypassed by patent arterial and venous grafts before and after CABG [33] .
Statistical analysis. All data are expressed as mean±SD. A paired Student's t test was used to compare the continuous data between and within groups. Comparisons of haemodynamic data between the groups were performed using an unpaired t test. Differences in proportions were analysed with the chi-square test. Score difference in regional WT before and after CABG was compared using Wilcoxon's signed-rank test. Linear regression analysis was used to estimate the agreement between the change in the TID ratio and the change in the summed ischaemic score after CABG. P values less than 0.05 were considered significant.
Results

Myocardial areas bypassed by arterial and venous grafts
Fifteen patients received both arterial and venous grafts, four received only venous grafts and four received arterial grafts only. Sixty-three (64%) of 99 myocardial segments bypassed by patent arterial grafts and 27 (42%) of 65 myocardial segments bypassed by patent venous grafts showed stress-induced reversible perfusion defects (χ 2 =7.8, P=0.005) ( Table 1) . Figure 2 shows changes in the summed defect score and summed ischaemic score of all patients. The summed defect score showed a significant improvement after CABG (9.8±7.2 before CABG vs 7.3±6.0 after CABG, P=0.038), whereas the summed ischaemic score did not show any significant change after CABG (7.1±7.6 vs 6.0±4.4, P=NS). According to the change in the summed ischaemic score before and after CABG, we divided patients into two groups ( Table 2) . Group 1 comprised 12 (52%) of the 23 patients who had a decrease in the summed ischaemic score after CABG (10.9±8.0 vs 5.6±4.9, P=0.005) (Fig. 3) . Group 2 consisted of 11 (48%) patients with no change or an increase in the (Fig. 4) .
Perfusion assessment before and after CABG
Haemodynamic data of groups 1 and 2
Rate-pressure products at rest and during stress are shown in Table 3 . No statistically significant differences were observed in rest or peak rate-pressure products between these two groups.
Global functional data of groups 1 and 2
In group 1, post-stress EDV and rest EDV decreased significantly after CABG (123.6±55.2 ml vs 95.0±34.4 ml, P=0.006, and 107.9±45.3 ml vs 95.7±34.4 ml, P=0.03, respectively). In group 2, post-stress EDV decreased after CABG (89.2±39.7 ml vs 66.8±26.4 ml, P=0.008), and rest EDV also tended to be reduced after CABG (82.8±41.1 ml vs 69.7±26.7 ml, P=NS). The TID ratio improved after CABG in group 1 (1.14±0.13 before CABG vs 0.99±0.07 after CABG, P=0.001) (Fig. 5B) , and an improvement was also observed in group 2 (1.09±0.07 vs 0.94±0.05, P=0.002) (Fig. 6B) . However, LVEF did not change significantly in either group 1 or group 2 after CABG (42.5%±9.9% vs 47.5%±11.8%, respectively, and 52.1%±7.5% vs 53.1%±5.9%, respectively) (Figs. 5A, 6A ).
Regional wall thickening in myocardial segments bypassed by arterial and venous grafts
There was no significant difference in the WT score for regional WT of the total revascularized segments before and after CABG (0.95±1.24 vs 0.98±1.25, P=NS).
Relationship between the reduction in the TID ratio and the change in the summed ischaemic score after CABG Considering all subjects, there was a poor correlation (r=0.3, P=0.16) between the change in the TID ratio and that in the summed ischaemic score with CABG (Fig. 7) . 
Discussion
Our data indicate that persistent stress-induced perfusion abnormalities are occasionally observed and that global or regional left ventricular function does not necessarily improve early after CABG. These findings indicate that perfusion or LVEF assessment is of limited value in assessing the effect of revascularization early after operation. By contrast, the TID ratio improved even in subjects without any apparent improvement in perfusion. These results suggest that the TID ratio obtained with ECG-gated perfusion SPET can provide additional data to determine the effect of revascularization early after CABG.
Perfusion abnormality early after CABG
In this study, we encountered several subjects whose summed ischaemic scores did not improve despite successful revascularization (group 2). Although visual analysis is widely used in clinical settings, these paradoxical 
LVEF early after CABG
Although the LVEF is the most commonly cited index of left ventricular function, assessment of left ventricular function early after CABG underestimates the degree of left ventricular functional recovery [35] , presumably because of myocardial stunning. Some previous studies have suggested that the myocardial hibernation might go through a phase of stunning after the restoration of blood flow [36, 37] . Mintz et al. found that LVEF decreased significantly in the early postoperative period, but recovered to near preoperative values between 2 and 12 months after CABG [38] . In the current study, improvements in LVEF were not observed early after surgery. Accordingly, assessment of LV performance or perfusion imaging is not so useful for assessing the outcome of revascularization early after CABG. However, functional and perfusion information obtained in the predischarge period will be valuable as control data for further follow-up.
EDV early after CABG
In the current study, EDV was significantly reduced after CABG. This finding is in agreement with the previous report by Hellman et al. [39] . In general, the heart rate increases significantly early after CABG [40] , and in our study it rose from 66.1±12.7 beats/min before CABG to 84.2±14.2 beats/min afterwards (P=0.0008). It is known that an increase in heart rate causes a reduction in EDV [41] . Therefore, it is difficult to decide whether the reduction in EDV is the result of an increase in heart rate or the direct influence of revascularization.
TID ratio early after CABG
Transient cavity dilatation after exercise or dipyridamole infusion has been found to be a marker of severe coronary artery disease [13, 42, 43] . Although it is a matter of controversy whether TID represents pseudo-dilatation of left ventricle secondary to sub-endocardial ischaemia or physical dilatation because of post-stress myocardial stunning [44] , a reduction in TID is considered to represent the improvement in global myocardial stress-induced ischaemia. In fact, even in group 2, a reduction in TID was observed after CABG. Therefore, this parameter may have the potential to distinguish real perfusion abnormalities due to coronary stenosis from relative perfusion abnormalities caused by the difference in flow capacity between arterial and venous grafts. Accordingly, the TID ratio obtained with ECG-gated perfusion SPET can be utilized to evaluate the effect of revascularization non-invasively. On the other hand, there was a poor correlation between the change in TID and that in the summed ischaemic score. This poor correlation suggests findings are caused by the limitations of conventional SPET imaging, which can only evaluate the relative difference in myocardial perfusion. When a patient has multivessel disease, the whole myocardial area can be evenly hypoperfused, resulting in underestimation of the summed ischaemic score before CABG. In addition, a slight reduction in tracer uptake may be present even on the re-injection images if a coronary artery has severe stenosis. Indeed, the summed defect score decreased after CABG in the current study ( Fig. 2A) . Such a reduction in tracer uptake can also cause underestimation of the summed ischaemic score in preoperative visual analysis. Arterial grafts are the currently preferred conduits for CABG because of their long-term patency compared with venous grafts [3, 4, 34] . In fact, arterial grafts were utilized in 19 of 23 patients in the current study. However, previous studies have revealed that myocardial areas covered by grafts, especially arterial grafts, may show perfusion abnormalities because of their insufficient coronary flow reserve early after CABG [7] . Several reports have shown flow in internal mammary artery graft to be significantly lower than that in saphenous vein graft early after CABG [5, 6] . The smaller diameter and longer distance from the subclavian artery cause this restricted flow capacity of arterial grafts [5, 6] . Accordingly, apparent perfusion abnormalities can be produced because of the significant difference in flow capacity between arterial and venous grafts. We noted that stress-induced reversible 201 Tl perfusion defects were present in 64% of the myocardial areas bypassed by patent arterial grafts, in contrast to 42% of the myocardial areas bypassed by patent venous grafts (P=0.005). Therefore, one must exercise caution in the interpretation of stress-induced perfusion abnormalities early after CABG. The myocardial segments with reversible ischaemia, even with venous grafts, probably had a jeopardized branch between the native coronary artery stenosis and the graft insertion. that the change in reversible perfusion defects is not necessarily related to the functional improvement early after operation. In fact, patients in group 2 showed a reduction in TID after CABG without any apparent improvement in perfusion.
Limitations of the study
We could not make a comparison between successfully and unsuccessfully revascularized patients because we encountered only one patient with occluded coronary bypass grafts. In patients with unsuccessful revascularization, however, it is assumed that there is no significant difference in TID ratio before and after CABG, so far as the stress level does not change in each study.
In the current study, we used 201 Tl as the perfusion tracer. Although the clinical usefulness of 201 Tl ECGgated SPET has been previously reported [18, 19, 22] , technetium-99m myocardial perfusion tracers may be more appropriate for Western patients who have large physiques and whose tissue attenuation can be significant.
We used different stress techniques, exercise and dipyridamole infusion, which have been shown to induce slightly different perfusion abnormalities [45] . Therefore, the measured functional parameters may have been dependent on the stress methods. According to previous studies [13, 43, 46] , however, both exercise and dipyridamole infusion are effective in evaluating the transient left ventricular dilatation during stress, a marker of severe coronary artery disease. In the current study, the same stress test was conducted for each subject before and after CABG. Thus, it is considered that the comparison of the TID ratio before and after CABG is valid regardless of the stress technique used.
Conclusion
Early after CABG, apparent perfusion abnormalities were occasionally observed and LVEF did not improve substantially despite successful revascularization. Thus, perfusion imaging (especially when arterial grafts are utilized) and LVEF assessment are of limited value at this stage. The TID ratio obtained with ECG-gated perfusion SPET may be a useful means by which to evaluate the effect of revascularization non-invasively early after CABG.
